Geotextiles are widely used in various applications including earthen structures, which are often built in unsaturated soil conditions. The design of these earthen structures is often dominated by the shear strength of the interface between soil and reinforcement (i.e. geotextile) layers. However, the unsaturated soil-geotextile interface interactions are not completely understood. This paper examines the shearing behavior of unsaturated soil-geotextile interfaces. Direct shear test results are used to define failure envelopes for unsaturated soil and soil-goetextile interfaces. Experimental results reveal a nonlinear relationship between the soil-geotextile interface strength and matric suction. The paper demonstrates that this non-linear failure envelope can be modeled using the Soil Water Characteristic Curve (SWCC) and saturated effective stress-strength parameters. The paper also compares the shearing behavior of unsaturated soil and unsaturated soil-geotextile interfaces.
INTRODUCTION AND BACKGROUND
Mechanically stabilized earth (MSE) walls and reinforced soil slopes (RSS) are used extensively in the United States and worldwide. The behavior of these structures is often dominated by the shear strength of the interface between reinforcement layers and soil. Since these structures are built in unsaturated soil conditions, a stability analysis based on the mechanics of unsaturated soils would provide a proper characterization of the interface behavior and more accurate performance predictions. Thus, experimental observations of interface behavior play a crucial role in better understanding this behavior and provide researchers valuable information to build on.
A few studies involving interfaces (e.g. steel/concrete with soil) include work by Desai et al. (1986) , Fakharian and Evgin (1996) , and Hu and Pu (2004) , among others. A variety of equipment has been used to study interface behavior such as simple shear (Kishida and Uesagi 1987) , direct shear (Potyondy 1961) , and torsion (Yoshimi and Kishida 1981) devices. Numerous others studied soil-geosynthetic interfaces using direct shear tests (e.g. Frost and Han 1999 , Goodhue et al. 2001 , Gourc et al. 2004 , Koerner 2005 , and Sia and Dixon 2007 . Generally, the research and analysis of interfaces assumes either dry or fully saturated conditions. However, very limited studies have been conducted on unsaturated soil-interfaces. Fleming et al. (2006) and Sharma et al. (2007) used a modified direct shear device with a miniature pore pressure transducer (PPT) that measured changes in the pore water pressure (i.e. suction) at geomembrane-soil interfaces during shearing. Miller (2007, 2009 ) developed a direct shear device for testing of unsaturated soil-steel interfaces and conducted suction-controlled tests on low plasticity fine grained soil; results showed that matric suction contributed to the increase in peak shear strength of unsaturated soil rough andsmooth steel interfaces.
There is clearly a need to investigate the soil-geotextile interface shearing behavior in unsaturated soil conditions. Thus, this paper represents a part of an ongoing study on the behavior of unsaturated soil-geotextile interfaces. In particular, results of suction-controlled drained direct shear tests on soil and soil-geotextile interfaces are presented. Test results are used to obtain the experimental failure trends for both types of tests (i.e. soil and soil-geotextile interface). Then, failure envelopes that capture the influence of matric suction on shear strength of soil-geotextile interfaces are developed using the Soil Water Characteristic Curve (SWCC).
SHEAR STRENGTH OF UNSATURATED INTERFACES
Several models (Vanappalli et al. 1996 , Oloo and Fredlund 1996 , Fredlund and Rahardjo 1993 , Gan et al. 1988 , Fredlund et al. 1978 , and others) have been reported in the literature to predict the shear strength of unsaturated soils. Two important equations to model the shear strength of unsaturated soil have the following form:
where,τ f = shear stress at failure, c' = effective cohesion, nf σ = total stress normal to the failure plane, u af = pore air pressure, ' φ = angle of internal friction associated with the net normal stress variable, u wf = pore water pressure, and b φ = angle of internal friction associated with the matric suction, θ = current volumetric water content, θ r = residual volumetric water content from an SWCC, and θ s = volumetric water content from an SWCC at 100 % saturation.
When matric suction is less than the air entry value, angle b φ appears equal to φ′, but as matric suction increases, φ b decreases (Gan et al. 1988 , Escario and Juca 1989 , Fredlund and Rahardjo 1993 . At low matric suction below the air entry value the specimen remains saturated. As long as the soil is saturated an increase in matric suction causes an increase in shear strength in accordance with the friction angle φ′. However, when air enters the pores at a suction equal to the air entry value of the sample, the reducing interfacial area between soil solids and water contributes to a lower value of b φ . To capture this nonlinear behavior, Vanapalli et al. (1996) proposed Equation (2) to account for the variation of interfacial area in the soil phases as matric suction is changed.
Shear strength parameters in Equations (1) and (2) have been obtained through direct shear and triaxial shear tests while controlling matric suction (e.g. Fredlund and Rahardjo 1993) . Following the same line of reasoning, Hamid and Miller (2009) proposed the following equations for modeling unsaturated soil-steel interfaces: where, δ′ = the interface friction angle with respect to net normal stress, δ b = the interface friction angle with respect to matric suction.
In this study, Equations (3) and (4) were used to model the shear strength from a series of suction-controlled unsaturated soil direct shear and unsaturated soil-geotextile interface tests. In addition, the SWCC results were used in this formulation to predict the unsaturated soil and soilgeotextile interface shear strength. The following equation, proposed by Fredlund and Xing (1994) , was used to model the resulting SWCC behavior: where, ψ = matric suction; ψ r = matric suction at residual water content; e = base of natural logarithm = 2.71828; and a, n, m = are fitting parameters that describe the shape of the SWCC.
UNSATURATED SOIL-GEOTEXTILE INTERFACE DIRECT SHEAR TESTING Test Materials and Soil Sample Preparation
Shear tests were performed using a manufactured soil that provides levels of matric suction consistent with a silty soil. This soil has a similar suction range to that of a natural low plasticity fine-grained soil but was used in order to obtain experimental results in a reasonable amount of time due to its higher permeability. The soil is a mixture of two commercially available manufactured soils, ground silica know as Sil-Co-Sil 250 (nominal particle size range = 0.002 to 0.212 mm) manufactured by U.S. Silica Company and Glass Beads, Size BT-9 (nominal particle size range = 0.127 to 0.178 mm), manufactured by Zero Products. The soil mixture consists of 75% ground silica and 25% glass beads. The mixture is non-plastic and has about 48% fine sand (0.075-0.425 mm), 46% silt (0.002-0.075 mm), and 6% clay size material (<0.002mm).
For all tests (SWCC and unsaturated interface shear tests) the soil is mixed to the desired moisture content (w =17.2 % ± 1%) and compacted to the required dry density (unit weight γ d = 15.4 kN/m 3 ) by moist tamping (i.e. volume-based compaction). All soil specimens were prepared to achieve nominally the same initial conditions with respect to their unit weight and moisture content. For direct shear tests, the soil was compacted directly inside the shear box. The SWCCs of the soil for primary drainage, starting from saturation (S o =100%) and from as-compacted conditions (S o = 67%) are shown in Figure 1 for net normal stresses of 0 kPa. The SWCCs were obtained using a device built at the University of Oklahoma, as described by Miller et al. (2008) . The device is fabricated to fit into a one dimensional consolidation apparatus, so that incremental vertical loading can be externally applied while independently controlling pore air pressure (u a ) and pore water pressure (u w ) in the soil sample. Suction is controlled during testing by using the axis translation technique whereby the u a is increased in the cell while maintaining a constant u w via a high air entry porous disc below the sample. The u a and u w pressures are digitally controlled using two commercially available high precision motorized piston pumps which can accurately control pressure and measure volume changes. The air entry value (AEV), defined as the pressure (i.e. suction) after which air starts to fully penetrate into the pores of the soil during initial drainage is approximately 8 kPa (from the SWCC with S o =100%). Also superimposed on Figure 1 is the volumetric water content and corresponding matric suction for direct shear and interface shear specimens prior to shearing. A primary drainage curve (SWCC 1) was also fitted through the average of this data using the Fredlund and Xing (1994) equation (Equation 5), as shown in Figure 1 , and was used in conjunction with Equations (2) and (4) influence of matric suction on shear strength. The parameters for the Fredlund and Xing (1994) equation to fit both SWCC 1 and SWCC 2 are given in Table 2 . 
Unsaturated Interface Shear Test Procedure
In order to determine the shearing behavior of unsaturated soil interfaces a modified direct shear apparatus (Miller and Hamid 2007 ) was used in this study. More details of the apparatus are given by Miller and Hamid (2007) , and the soil-geotextile interface shear test procedure is described by Hatami et al. (2008) .
The influence of suction on the change in water content (Δw %) in the soil-geotextile interface specimens during equalization periods for the three suction values of 25 kPa, 50 kPa and 100 kPa is shown in Figure 2 . During the application of suction, water continuously flowed out of each specimen (drying path) to reach the target suction value. The amount of water outflow was used to estimate the change in water content at the soil-geotextile interface; water content in the soil above the geotextile is assumed to be uniform throughout sample depth. As expected, it was observed that the amount of water (Δw %) drained from the specimen increased as suction increased (Figure 2) .
A shear force was applied to the direct shear device to maintain a displacement rate of 0.005 mm/min up to about 10 mm displacement, and along the cross machine direction of the woven geotextile specimen. This slow rate was selected (based on literature and experience, e.g., Saez 1986, Miller and Hamid 2007 ) to maintain drained conditions (i.e. constant u a and u w ) during shearing. Changes in specimen height (measured by LVDTs) and water volume were measured and recorded during all stages of the test. Discussion of the shearing results is presented in the following section. 
SHEARING TEST RESULTS
Typical shear stress (τ) versus horizontal displacement (u) curves are shown in Figure 3 from soil direct shear tests (Figure 3a ) and soil-geotextile interface shear tests (Figure 3b ) for a matric suction of 25 kPa for three different net normal stresses. In Figures 4a and 4b similar data are shown for a net normal stress of 100 kPa for three levels of matric suction (25, 50 and 100 kPa) from the soil and soil-geotextile tests, respectively. Based on Figures 3 and 4 , which are fairly typical of soil and soil-geotextile interface behavior for all levels of matric suction and net normal stress, some important observations are summarized as follows:
1) During shearing of the soil specimens and soil-geotextile interface, a peak shear stress (τ max ) is achieved followed by strain softening to a post peak shear stress (τ pp ). 2) Peak shear stress (strength) increases with net normal stress for both soil and soilgeotextile interfaces. The same was observed for soil with increasing matric suction; however, some soil-geotextile interface results showed an increase followed by a decrease in peak shear stress at higher suction (non-linear behavior). 3) Specimens subjected to a greater suction showed a more pronounced strain softening behavior. Post-peak shear strength of soil and particularly of the soil-geotextile interface appears to be little affected by matric suction at a given net normal stress. However, postpeak shear stress does increase with net normal stress at a given level of matric suction. 4) Strain softening behavior seemed more pronounced with respect to suction (Figure 4) as compared to results with net normal stress (Figure 3 ). 
SOIL AND SOIL-GEOTEXTILE PEAK SHEAR STRENGTH FAILURE ENVELOPES
Peak shear stress (τ max ) from soil and soil-geotextile interface shear tests is plotted against net normal stress in Figures 5 and 6 and against matric suction in Figures 7 and 8 , respectively. The change in shear strength with respect to the net normal stress was assumed independent of matric suction (i.e. φ′ and δ′ values are constant), which is consistent with many published observations with respect to φ′ (e.g. Saez 1986, Fredlund and Rahardjo 1993) and also consistent with the results from the current study for the soil (φ') and soil-geotextile (δ′) interface shear tests.
In general, results of the tests shown in Figures 7 and 8 exhibit a nonlinear relationship between the matric suction and shear strength. Therefore, the Vanapalli et al. (1996) model given in Equation (2) for soil direct shear tests, and the Hamid and Miller (2009) model in Equation (4), for soil-interface tests, were used to develop the nonlinear failure envelopes shown in Figures 7 and 8 . Basically, φ′ and δ′ values were used in combination with the SWCC (SWCC 1 in Figure 1 ). Based on the failure envelopes and the interpreted strength parameters, some observations are summarized as follows:
1) The peak friction angle with respect to net normal stress is slightly higher for the soil ( Figure 5 ) than soil-geotextile interface ( Figure 6 ). For soil-geotextile interface, it appears the proximity of the failure plane to the geotextile counterface results in lower shear resistance as compared to soil test results. 2) The nonlinear representation of the failure envelopes, with respect to suction, developed using Equations (2) and (4) 
CONCLUSIONS
This study was carried out to investigate the shear strength of unsaturated soil-geotextile interfaces. To this end, a series of suction-controlled direct shear tests were conducted. The results were used to define failure envelopes for unsaturated soil and soil-geotextile interfaces. The influence of matric suction on shear strength was modeled using the Soil Water Characterictic Curve (SWCC). Some conclusions are as follows: 1) Matric suction and net normal stress influence the peak shearing resistance of both soil and soil-geotxtile interfaces. Nonlinear failure envelopes, with respect to suction, provided a reasonable model for peak shear strength of unsaturated soil-geotextile interfaces. However, the nonlinear failure envelopes based on the SWCC did not model well the soil behavior at higher matric suction values. In this particular case, a linear representation of shear strength with respect to suction seems more appropriate; additional work is needed to investigate the reasons for this finding. 2) Generally, it appears that at a given net normal stress value, the post-peak shear strength for soil and soil-geotextile interfaces is not greatly affected by matric suction. However, the post-peak shear strength does increase with net normal stress at a given level of matric suction. 3) Strain softening behavior seemed more pronounced with respect to suction as compared to results with net normal stress. 4) The friction angle (peak) with respect to net normal stress is slightly higher for the soil than for the soil-geotextile interface. The soil-geotextile failure plane is influence by the proximity of the geotextile counterface resulting in lower shear strength relative to soil only tests. 
